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Abstract

Plant-invasive success is one of the most important current global changes in the biosphere.
To understand which factors explain such success, we compared the foliar traits of 41 native
and 47 alien-invasive plant species in Oahu Island (Hawaii), a location with a highly endemic
flora that has evolved in isolation and is currently vulnerable to invasions by exotic plant
species. Foliar traits, which in most cases presented significant phylogenetic signal, i.e. closely
related species tended to resemble each other due to shared ancestry, separated invasive from
native species. Invasive species had lower leaf mass per area and enhanced capacities in terms
of productivity (photosynthetic capacity) and nutrient capture both of macro- (N, P, K) and
microelements (Fe, Ni, Cu and Zn). All these differences remain highly significant after
removing the effects of phylogenetic history. Alien-invasive species did not show higher
efficiency at using limiting nutrient resources, but they got faster leaf economics returns and
occupied a different biogeochemical niche, which helps to explain the success of invasive
plants and suggests that potential increases in soil nutrient availability might favor further
invasive plant success.
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Introduction

Plant-invasive success is one of the most important

current global changes in the biosphere (Mooney &

Hobbs, 2000). To understand which factors explain such

success, many studies have compared the relative per-

formance of co-occurring native and alien-invasive

plants. Although relative performance often depends

on growth conditions, invaders are more likely to have

higher leaf area and lower tissue construction costs to

increase productivity, and greater phenotypic plasticity

which is advantageous in disturbed environments

(Daehler et al., 2004). Foliar traits such as higher photo-

synthetic capacity per dry mass (Amass) and lower leaf

construction costs associated with a lower leaf mass per

area (LMA) partly explain the success of alien plant

species (Baruch & Goldstein, 1999; Funk & Vitousek,

2007), since they may contribute to faster growth rates

for invaders and confer a competitive advantage over

native species (Reich et al., 1997). In a recent study, Wright

et al. (2004) have described coordinated change in leaf

structure/function relationships known as the ‘leaf eco-

nomics spectrum,’ running from a slow return end

encompassing species with high LMA, longevity and

low nutrient content and Amass, to a fast-return end with

the opposite suite of traits. It is possible that alien-

invasive and native species have contrasting suites of

foliar traits, placing native plants in the slow return end

of the spectrum and invasive aliens in the fast return end.
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Another possible driving factor for the success of

invasive plant species is their greater nutrient capture

capacity relative to native species and the resulting

effects on nutrient cycle. In a review of 79 studies

containing data of 56 alien plant species in different

environmental situations, Ehrenfeld (2003) concluded

that invasive species frequently increase nitrogen (N)

availability, alter N fixation rates, and produce litter

with higher decomposition rates than co-occurring na-

tives. Other experiments have shown that invasive

plants accumulate more N and/or phosphorus (P) than

the co-occurring natives (Ashton et al., 2005; Dassonville

et al., 2007) and that increases of nutrient availability by

fertilization or atmospheric deposition have favored the

expansion of invasive plants (Niinemets et al., 2003;

Siemann & Rogers, 2007). On the other hand, several

studies could not establish any clear relation between

nutrient availability and alien plant expansion (Witkowski,

1994; Dassonville et al., 2008) or, in some instances, have

reported the opposite trends (Holmgren et al., 2000;

Brewer & Cralle, 2003). Further studies are thus needed

to better clarify the role of N and P economy in plant-

invasive success, as well as the potential role of other

elements such as K, Mg, Ca, Mo, Mn, Fe, S and trace

elements such as As or Cd, which has received con-

siderably less attention in the plant invasion literature.

Tropical island ecosystems appear to be especially

vulnerable to invasive species and provide an ideal

scenario to study which factors underlie plant-invasive

success. For example, the Hawaiian Islands constitute

the most isolated terrestrial ecosystem of the Earth

(Vitousek & Walker, 1989) and seem to be particularly

vulnerable to invasions by nonindigenous species

(Hughes & Denslow, 2005; Hughes & Uowolo, 2006).

A great number of flowering plant species, 861, repre-

senting the 47% of total Hawaiian angiosperm flora, are

naturalized alien species (Wagner et al., 1999), and

approximately 25% of Hawaiian native flora, 90% of

which is endemic, has been listed as threatened or

endangered. The climatic and soil geography of these

islands may also provide important insights on the

mechanisms behind plant invasions. There is a dramatic

altitudinal gradient in environmental conditions and

strong climatic differences between leeward and wind-

ward sides of the islands (Müller-Dombois & Fosberg,

1998), and nutrient cycling and availability tend to

decrease at higher altitudes (Scowcroft et al., 2000;

Schuur & Matson, 2001). These gradients might be

associated with the continuous increase of elevation

range of invasive species during the colonization

of these islands, ‘pushing’ native species to higher,

nutrient-poorer and climatically harsher environments

(Daehler et al., 2004). However, conclusive evidence in

this context is currently lacking.

Here, we studied the association between the plant-

invasive success in the Oahu (Hawaii) flora and species’

foliar economics and elemental composition. We

screened 41 native and 47 alien plant species from

different climate conditions and taxonomic groups

and, after having quantified and removed the effects

of phylogenetic history, we compared the photosyn-

thetic capacity (Amass), the LMA and the foliar concen-

tration of different elements of alien species with those

of native species. We hypothesized that invasive species

present faster returns on their leaf economics, charac-

terized by high Amass, low LMA and high nutrient (N, P

and K) concentrations (Wright et al., 2004), when com-

pared with native species. On the same rationale, we

also hypothesized that alien and native species occupy

different biogeochemical niches, which is the logical

prediction if alien and native species differ significantly

in key physiological, structural and especially chemical

foliar properties.

Materials and methods

Field sites

The collection and sampling of plants for this study was

conducted in May 2007 on Oahu, the third largest of

Hawaiian islands. It was formed ca. 2.6 million years

ago (Guillou et al., 2000). Typical of the larger Hawaiian

Islands, the climate is characterized by very steep rain-

fall gradients over short distances (Müller-Dombois &

Fosberg, 1998). Lowlands on the leeward side have a

pronounced dry summer season, while precipitation is

distributed almost uniformly in the lowlands of the

windward side and in mountainous rain forests. Owing

to the oceanic tropical climate, temperature oscillations

are small with winters having on average 2–3 1C cooler

temperatures than summers. As large differences in

composition of native and alien vegetation occur in

response to rainfall gradients, four sites with distinct

precipitation regimes were selected for plant sampling

in the leeward lowlands of Oahu and in the leeward

side of Koolau mountains (Table 1). We conducted a

representative selection of dry to wet environments

starting from lowlands (dry, species poor) and ending

up with wet trails in tropical rainforest (Tantalus) and

cloud forest (Wiliwilinui).

St Louis Heights–Waahila Ridge (from 21117042.8200N,

157148044.1800W, elevation 39 m, to 2111807.0600N,

157148031.4900W, elevation 272 m) supports dry open

semideciduous forest dominated by alien species Agave

americana, Leucaena leucocephala, Haematoxylum campe-

chianum and Casuarina equisetifolia, with scattered native

species Osteomeles anthyllidifolia, Psydrax odorata and

Waltheria indica (Table 1). The soils are well-drained
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mollisols of the Pamoa series located at lower elevations

and ultisols of the Manana series at higher elevations in

this site (Foote et al., 1972). Dark-reddish brown Pamoa

silty clay is formed on fine-textured old alluvium, while

reddish brown Manana silty clay is developed from

material weathered from basic igneous rock. Pamoa

silty clay is neutral in the surface layer and strongly

acidic in deeper layers, whereas Manana silty clay is

strongly acidic throughout the profile.

The Hahaione Valley trail (starting at the end of

Hahaione street, 21118014.5000N, 15714204500W, elevation

103 m, Table 1) runs from the leeward side of Oahu to

the top of Koolau crest (2111903.6300N, 15714307.1500W,

elevation 511 m). The site supports dry closed forest at

lower elevations and mesic forest at higher elevations.

The dry semideciduous forest is dominated by alien

species L. leucocephala, Schinus terebinthifolius and

C. equisetifolia and native species O. anthyllidifolia, while

the mesic forest is dominated by alien species Psidium

cattleianum, P. guajava, Schefflera actinophylla and Arau-

caria columnaris, and by native species Metrosideros

polymorpha, and Diospyrus sandwicensis. The site is char-

acteristic of the Koolau Range mountainous areas with

steep land interrupted by numerous drainage channels

and V-shaped valleys with very steep slopes and narrow

ridges between the valleys. Pedologically the site is clas-

sified as rock land, which consists of areas with exposed

rock outcrops of basalt and andesite covering 25–90% of

the surface (Foote et al., 1972). The shallow soils between

the rocks are typically dark-brown inceptisols.

The Wiliwilinui Ridge trail (starting at the end of

Okoa street, 21117052.5500N, 157145039.1400W, elevation

145 m, Table 1) runs from the leeward side of Oahu

up to the Koolau crest (21119039.1100N, 157144054.1700W,

elevation 778 m). The trail is characterized by dry-mesic

closed forest at lower elevations, mesic forest at mid-

elevation and stunted shrubby cloud-forest at the high-

est elevations in Koolau Range (Müller-Dombois &

Fosberg, 1998). The vegetation in lower elevations is

characterized by aliens P. cattleianum and Acacia confusa

with scattered native species Santalum freycinetianum

and Alyxia stellata, the mesic forest is dominated by

alien P. cattleianum and by natives Acacia koa, Psychotria

mariniana and M. polymorpha, while upper elevations are

dominated by aliens Clidemia hirta, and Rubus rosifolius,

and by native Metrosideros spp., Melicope spp. and

Myrsine spp., and by dense thickets of the native fern

Dicranopteris linearis (Table 2 for species). The soils at

lower elevations on the V-shaped gulch ascending up-

wards are oxisols of Helemano series developed on

alluvium and colluvium derived from basic igneous

rock (Foote et al., 1972). The Helemano silty clay is

neutral to moderately acidic well-drained dark red-

dish-brown soil (Foote et al., 1972). Mid-elevations are

characterized by rocky soils (as in the Hahaione trail),

while upper elevations on the ridgetops consists of

rough mountainous land where a thin soil mantle

(typically inceptisols) 2–35 cm lays over relatively soft

and permeable saprolite (Foote et al., 1972). Typically

the surface soils are poorly drained and weakly miner-

alized having a 2–6 cm thick litter and raw humic

horizon, below which is a dark brown strongly acidic

silty clay (Foote et al., 1972).

Tantalus (trails around Tantalus crater: Manoa

Cliffs, Pauoa Flats, Ahiualama; Table 1) is the wettest

location studied here, and is located on the leeward

side of Koolau Range (2111903300N, 15714804500W to

2112003100N, 15714800400W, elevation between 346 and

468 m). This site supports wet rainforest with precipita-

tion distributed almost equally between the months

(Table 1). The dominant aliens are Bischofia javanica,

Cestrum nocturnum, Citharexylum caudatum, Cinnamo-

mum burmannii while A. koa, Freycinetia arborea, Hibiscus

arnottianus and Metrosideros tremuloides are dominant

native species. The soils are inceptisols of the Tantalus

series – Tantalus silt loam and Tantalus silt clay. These

are well-drained neutral to slightly acidic soils with

very dark-brown A horizon on top of a dark reddish-

brown sandy loam B horizon developed on volcanic ash

and material weathered from cinders (Foote et al., 1972).

The four key soil types found across the sites

rank according to the state of weathering as oxisols

Table 1 Description of the study sites

Site Coordinates

Average � SD*

altitude (m)

Average � SD precipitation

(mm)

Average � SD annual temperature

( 1C)

Annual 3 driest months Minimum Maximum n N A

St Louis Heights 211180N, 1571480W 171 � 65 1430 � 210 197 � 45 18.7 � 0.5 26.9 � 0.5 18 2 16

Hahaione Valley 211190N, 1571430W 390 � 140 1268 � 22 157 � 7 17.1 � 0.6 25.7 � 0.5 16 3 13

Tantalus 211N, 2001571490W 441 � 24 3670 � 440 705 � 41 16.2 � 0.6 24.1 � 0.6 27 13 14

Wiliwilinui 211190N, 1571450W 660 � 120 2100 � 150 413 � 60 15.2 � 0.9 23.8 � 0.8 27 23 4

*Averages are based on the number of species sampled and species-specific locations. In statistical analyses, exact species-specific

environmental data were used. n,total number of species; N, number of native species; A, number of alien species.
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4ultisols4mollisols4inceptisols (Uehara & Ikawa, 2000;

Deenik & McClellan, 2007). Mollisols exhibit the highest

fertility while more leached oxisols and ultisols with

lower pH are among the soils with lowest fertility

(Uehara & Ikawa, 2000; Deenik & McClellan, 2007)

Inceptisols, the youngest soils, typically show weak

profile development, and exhibit tremendous variabil-

ity in fertility depending on genesis (Deenik & McClel-

lan, 2007). The Tantalus series of inceptisols are of

moderate to high fertility, while the inceptisols in

rocky soils and mountainous land are of low fertility.

Thus, in our study, the broad soil classes rank according

to fertility as mollisols4inceptisols (Tantalus)4
oxisols ffi ultisols4inceptisols (mountainous soils).

Plant sampling and site climate

Owing to rough topography, gas-exchange measure-

ments were conducted in the lab using cut twigs as is

common in plant gas-exchange studies (Larcher, 1963;

Ludlow, 1991; Kull & Niinemets, 1998). Plant sampling

for the gas-exchange follows the protocol of Niinemets

et al. (2009). Twigs for the gas-exchange measurements

were sampled in morning hours between 08:00 and

12:00 hours. The twigs were cut under water and re-

tained in water in plastic bags with wet filter paper to

stop transpiration during transportation to the lab. In

the lab, the twigs were recut under water and stabilized

at room temperature of 23–25 1C in dim light. The

measurements were conducted the next day. As the

previous studies have demonstrated, this stabilization

period is needed to achieve high stomatal openness and

get maximum and stable values of net foliage assimila-

tion rate (Niinemets et al., 2009). Control experiments

demonstrated that stomatal conductance and photo-

synthesis immediately after shoot cutting were low,

but recovered to maximum values after overnight sta-

bilization. For each species, three individual plants were

sampled. Species coordinates and sampling altitude

were noted in each site using GPS, and this information

was used to link species locations to specific soil types

and to derive location-specific climatic data. Long-term

average monthly and annual precipitation, precipita-

tion of the 3 driest months and annual precipitation,

and average, maximum and minimum temperatures

were estimated from high-resolution climatic grids

using the database developed and continuously up-

dated by Giambelluca and associates (Giambelluca

et al., 1986; Cao et al., 2007). ARCGIS 9.1 was used to

extrapolate between the isohyets (10 m square cells in

the grid with appropriate elevation model), as applied

previously in Hawaiian ecosystems (Porder et al., 2005;

Dunbar-Co et al., 2009).

Study species

A total of 88 dominating species (i.e. species that are

prevalent and cover a significant area in the sampled

sites) were sampled in the four sites (three replicates per

species), encompassing 41 native and 47 alien species

(Table 2).

All native species sampled were evergreen, but some

of the alien species, mostly legumes, collected in dry

sites were drought-deciduous (Desmodium incanum, Fal-

cataria moluccana, Senna surattensis, Tabebuia rosea) or

semideciduous (H. campechianum, L. leucocephala). Out

of the 88 studied species, 43 were trees, 36 shrubs, three

woody vines to shrubs, three woody vines, two herbs to

subshrubs and one mistletoe. The distribution of plant

species among key plant functional types, shrubs and

trees, was similar among alien and native species (18

shrubs for both aliens and native and 25 alien tree and

18 native tree species, Table 2). The species were classi-

fied according to site preference as dry, dry-mesic,

mesic, dry-wet, mesic-wet and wet forest species. The

invasiveness of species was scored using a four-level

scale as 0, native species; 1, low invasiveness; 2, mod-

erate-high; and 3, very high (Table 2). These simplified

scores were based on Australia/New Zealand weed

risk assessment (WRA) system (Pheloung et al., 1999)

modified to Hawaii and other Pacific Islands (Daehler

et al., 2004). For Hawaiian Island these scores are

reported in Pacific Island Ecosystems at Risk (PIER)

project online database, maintained by US Forest

Service’s Institute of Pacific Islands Forestry (http://

www.hear.org/pier/), and on recent updates on species

invasive potential in Oahu (Daehler & Baker, 2006). The

WRA is based on up to 49 questions about species

biology. For nine species that have not been scored in

these assessments, WRA scores were derived based on

the risk questionnaire (http://www.hear.org/pier/). As

the risk assessment provides information of possible

species invasiveness, but not on whether the species

actually becomes invasive in the specific new habitat,

finally a simplified three-level scale (1–3) was used to

group aliens with varying invasive potential and

known invasiveness throughout Oahu. (Daehler et al.,

2004; Daehler & Baker, 2006).

Leaf photosynthetic, structural and elemental analyses

In the laboratory, foliar photosynthetic capacity was

measured at a quantum flux density of 1000mmol m�2 s�1

and leaf temperature of 25 1C under ambient CO2 con-

centration of 385mmol mol�1, using the twigs that had

been recut under water and stabilized at room tempera-

ture of 23–25 1C. An ADC pro (LCpro 1 Portable Photo-

synthesis System; ADC BioScientific Ltd., Hoddesdon,
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Herts, EN11 0DB) gas exchange system was used. After

the measurements the total leaf area and the leaf area

enclosed in the cuvette were measured. In the laboratory,

the area of 3–10 additional leaves per each sampled plant

were measured with a LICOR LI-3100 area meter

(LI-COR, Lincoln, NE, USA). For later analysis of trace

element concentration only in foliar tissues, leaves were

thoroughly washed with distilled water to remove the

elements deposited on leaf surfaces. After washing, the

samples were dried in an oven at 70 1C to a constant

mass. Thereafter, dry mass of leaves was determined and

leaf dry mass per area (LMA, g m�2) was calculated.

Mass-based photosynthetic capacity (Amass) was calcu-

lated as the area-based capacity divided by LMA. Dried

plant material was further ground by a CYCLOTEC 1093

sample homogenizer (Foss Tecator, Höganäs, Sweden). In

all cases, we washed the grinding system with bidistilled

water between each other sample grinding to avoid

sample contamination. For C and N analyses, 1–2 mg of

pulverized dried sample mixed with 2 mg of V2O5 as

oxidant was used. C and N concentrations were deter-

mined by combustion coupled to gas chromatography

using a Thermo Electron Gas Chromatograph model NA

2100 (C.E. instruments-Thermo Electron, Milan, Italy).

For analyses of other elements, samples were first solu-

bilized with an acid mixture of HNO3 (60%) (143255,

purissimum, PANREAC, Barcelona) and HClO4 (60%)

(141054, purissimum, PANREAC, Barcelona) (2 : 1) in a

microwave oven (SAMSUNG, TDS, Seoul, South Korea)

using Oak Ridge 50 mL Teflon centrifuge tubes (Nalge

Nunc International, Rochester, NY, USA). Two milliliters

of the acidic solution were used per 100 mg of dry

biomass of each sample. The digested solutions were

thereafter brought to 10 mL of final volume (with 3% of

HClO4 solution). Blank solutions (2 mL of acid mixture

without any sample biomass) were regularly analyzed.

To assess the accuracy of digestion and the analytical

biomass procedures, standard certified biomass

(DC73351, leaf poplar, China National Analysis Center

for Iron & Steel, Beijing, China) was used. After digestion,

the concentrations of As, Cd, Cr, Cu, Fe, Mn, Ni, Pb,

Sr, V, Zn, Ca, K, Na, Mg, S, P and Mo were analyzed

using ICP-MS (Mass Spectroscopy with Inductively

Coupled Plasma). With this method, low detection

thresholds can be obtained for elements such as

metalloids (e.g. As) with high ionization energies. For

As analyses, As (V) was reduced to As (III) by a mix-

ture of HCl (30% v/w), KI (1% w/v) and ascorbic acid

(0.2% w/v) was added to a digestion solution aliquot

of each sample. This solution was then pumped into

a gas–liquid separator where it reacted with NaBH4

(1.3% w/v solution in 0.1 M NaOH) to form arsenic

hydrides and analyzed with ICP-MS. Plant-specific

measurements of Amass, LMA and foliage element con-

centrations were averaged to get species-specific averages

for all characteristics.

Phylogenetic and statistical analyses

The program PHYLOMATIC (Webb & Donoghue, 2005)

was used to build a phylogenetic tree of the species

studied (Fig. 1). Briefly, this program assembles a phy-

logeny for the species of interest employing a backbone

plant megatree based on a variety of sources involving

primarily DNA studies. Our phylogenetic hypothesis

was based on the conservative megatree, where unre-

solved nodes were included as soft politomies. We

employed programs in the PDAP package (Garland

et al., 1993) to transform the phylogenetic tree into a

matrix of phylogenetic distances, and assessed if the

studied traits showed significant phylogenetic signal –

i.e. the tendency of closely related species to resemble

each other due to shared ancestry – employing the

randomization procedure in the PHYSIG module devel-

oped by Blomberg et al. (2003). This test consists in

comparing the variance in phylogenetic independent

contrasts observed in the real dataset against a null

distribution obtained after the phenotypic data were

randomized across the tips of the phylogeny (i.e. break-

ing any pattern of phylogenetic resemblance between

relatives). Phylogenetic signal was considered signifi-

cant if the variance in contrasts of the real dataset was

lower than the variance in 95% of the permuted data-

sets. To perform comparisons across traits, we em-

ployed the k statistic, that estimates how much

phylogenetic signal is present in the phenotypic data

compared against the expectation from a random walk

model of phenotypic evolution (Blomberg et al., 2003). If

k 5 1, then the phenotypic trait has exactly the amount

of signal expected for the phylogenetic tree employed

and a model of evolution of random walk (Brownian

motion); k41 indicates a stronger phylogenetic resem-

blance than expected and ko1 the opposite pattern.

These analyses were performed to determine if phylo-

genetic correction was necessary in subsequent regres-

sion analyses. We employed generalized linear models

(GLM) to analyze how chemical, structural and physio-

logical leaf traits varied as a function of collecting site

(four different sample sites), species origin (native or

alien) and soil type (five different soil types), that were

included as independent categorical variables. Preli-

minary analyses showed that altitude was significantly

correlated with all climate variables studied here (ana-

lyses not shown), hence we included altitude as surro-

gate covariate for climate conditions in these models

when there was a significant trend for foliar traits to

change with altitude (Table 3). We employed ordinary

least square regressions (OLS) when the dependent
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variable did not show significant phylogenetic signal,

and phylogenetic generalized least square regressions

(PGLS) otherwise. PGLS controls for phylogenetic re-

latedness by adjusting the expected variance/covar-

iance of regression residuals employing the matrix of

phylogenetic distances (this approach is mathematically

equivalent to analyzing the data employing phylogen-

etically independent contrasts). These analyses were

performed in MATLAB 7.6.0 employing the REGRESSIONV2

module (Lavin et al., 2008). We employed the same

rationale to analyze potential differences in foliar eco-

nomics spectrum. All data were log-transformed for

analysis. First, we conducted a GLM analysis with Amass

as dependent variable and LMA and leaf nutrient

concentrations as continuous independent variables

and species origin (alien or native) as a categorical

independent variable. Subsequently, separate GLM ana-

lyses were conducted with leaf morphological, chemical

and physiological traits as dependent variables, surro-

gates of climate (mean annual precipitation and mean

annual temperature) as continuous independent vari-

ables and species origin as a categorical independent

variable. As described above, OLS or PGLS analyses

were selected depending on the amount of phylogenetic

Fig. 1 Phylogenetic tree of the woody plant species studied. The phylogenetic tree was constructed with the program PHYLOMATIC (Webb &

Donoghue, 2005). The branch colors depict the ancestral character state obtained with parsimony (the transition from native to alien species is

constrained since it involves three independent colonization events). Analyses were performed with Mesquite (Maddison & Maddison, 2009). Field

collection sites (HV, Hahaione Valley; T, Tantalus; SLH, St Louis Heights; WR, Wiliwilinui Ridge) for each species are depicted after the species name.
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Table 3 Association between species leaf traits and phylogeny (phylogenetic effects were estimated with the PHYSIG randomiza-

tion procedure) and values of the studied chemical, structural and physiological variables in native species, in lowly invasive species

and in highly invasive species

Foliar trait Units

Phylogeny

Model Native

Invasiveness

P-valueK P-value Low High

Amass mmol g�1 s�1 0.446 o0.01 PGLS 0.08b 0.12a 0.16a o0.01

(0.01) (0.03) (0.02)

LMA g m�2 2.120 o0.001 PGLS 126a 97b 105b o0.01

(11) (21.0) (12)

N % 0.420 o0.001 PGLS 1.8a 2.2ab 2.4a o0.0001

(0.1) (0.2) (0.1)

K mg g�1 0.270 o0.05 PGLS 7.7b 9.6a 10.6a o0.001

(0.7) (1.3) (0.8)

C/N 0.442 0.071 PGLS 31a 26b 23b o0.001

(2) (2) (1)

Fe mg kg�1 0.231 0.37 OLS 62b 106a 103a o0.001

(7) (13) (8)

Cu mg kg�1 0.326 0.075 PGLS 6.7b 10.8a 9.1a o0.001

(0.9) (1.8) (1.0)

Na mg g�1 0.251 0.19 OLS 4.8a 1.7b 2.8b o0.01

(0.5) (0.8) (0.5)

Ni mg kg�1 0.359 o0.01 PGLS 2948b 8493a 6204a o0.05

(948) (1751) (1024)

Zn mg kg�1 0.354 0.057 PGLS 22b 20b 32a o0.05

(1) (7) (4)

As mg kg�1 0.328 0.17 OLS 85 65 86 0.71

(12) (22) (13)

C % 0.287 o0.01 PGLS 48 49 48 0.22

(0.5) (0.8) (0.5)

Ca mg g�1 0.290 0.17 OLS 12.2 9.51 12.1 0.62

(1.0) (1.93) (1.1)

Cd mg kg�1 0.308 0.072 PGLS 117 73 86 0.21

(24) (45) (26)

Cr mg kg�1 0.269 0.41 OLS 535 949 1299 0.18

(242) (450) (263)

C/P 0.256 0.13 OLS 620 583 507 0.41

(47) (88) (52)

Mg mg g�1 0.300 o0.05 PGLS 4.8 4.7 5.7 0.25

(0.5) (0.8) (0.5)

Mn mg kg�1 0.538 o0.05 PGLS 296 327 294 0.11

(55) (102) (60)

Mo mg kg�1 0.203 0.58 OLS 271 249 244 0.97

(53) (99) (58)

N/P 0.270 0.12 OLS 20 23 23 0.49

(1) (3) (2)

P mg g�1 0.307 0.064 PGLS 1.04 1.00 1.22 0.37

(0.10) (0.19) (0.11)

Pb mg kg�1 0.228 0.62 OLS 1350 822 422 0.44

(140) (259) (151)

S mg g�1 0.299 0.28 OLS 2.35 2.02 2.51 0.83

(0.26) (0.46) (0.28)

Sr mg kg�1 0.308 0.89 OLS 108 62 80 0.35

(14) (25) (15)

V mg kg�1 0.308 0.89 OLS 129 150 158 0.52

(17) (30) (18)

Significant results (Po0.05) are highlighted in bold. Different letters indicate significant differences.

P-values indicate the results of general linear models controlling for altitude (when significant), type of soils and site. Numbers

within parentheses are SEM. OLS, Ordinary least squares regression; PGLS, phylogenetic generalized least squares regression.
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signal observed in the preliminary randomization ana-

lysis.

Finally, we employed logistic regression analyses to

determine how the presence/absence of alien and na-

tive species varied as a function of altitude and climate,

and principal component analyses (PCA) to determine

how the chemical elements could discriminate between

alien and native species in the PC space. We employed a

one-way ANOVA to determine how PC scores obtained

for the first and second components differed between

native and alien species. These analyses were per-

formed with STATVIEW 5.0.1 (SAS Institute Inc., Cary,

NC, USA) and STATISTICA 6.0 (StatSoft Inc., Tule, OK,

USA).

Results

Phylogenetic signal was statistically significant

(Po0.05) for eight traits and bordered significance

(Po0.075) in other five out of the 24 studied foliar traits

(Table 3). The foliar traits with the highest phylogenetic

signal estimated with the k statistic were LMA, leaf N

concentration and Amass. Phylogenetic signal was also

detected in C, Cd, Cu, K, Mg, Mn, Ni, P and Zn leaf

concentrations (Table 3), although in Cd, Cu and Zn the

phylogenetic signal only bordered the significance

(Table 3). Moreover, the species origin (native or alien)

(Fig. 1) and the alien species invasiveness (low or high)

also presented significant phylogenetic signal (P 5 0.03

and 0.04, respectively).

Invasive species had on average 100% higher Amass

and 17% lower LMA than native species. Invasive

species had significantly higher foliar N (33%), K

(38%), Fe (66%), Ni (110%), Cu (36%) and Zn (45%)

concentrations, and lower Na (42%) concentrations and

C/N ratio (26%) than the native species (Tables 3 and 4).

The differences relative to the native species were more

pronounced in the highly invasive species than in the

lowly invasive species, e.g. for Amass, N, K or C/N ratio

(Table 3). However, the differences between these low

and high invasiveness groups were not significant

(Table 3). Higher N content in aliens was not due to

the larger number of N-fixers among them, as aliens

also had greater N concentrations than native species

when considering only the non N-fixer species

(2.23 � 0.11 vs. 1.75 � 0.11, Po0.001).

Amass related negatively to LMA and positively to

foliar N concentrations (Fig. 2) and also to the other

nutrient concentrations such as P or K (data not shown)

both in alien and invasive species. The highest Amass

values were observed at lower LMA and higher N (Fig.

2), P and K concentrations. The position along this leaf

economics spectrum differed between native and inva-

sive species with significant shifts in group means along

a common slope, the alien having higher Amass and N

concentrations and lower LMA (Fig. 2). They also had

more interspecific variability than native ones (Fig. 2).

Invasive species and native species were also signifi-

cantly separated (Po0.001 for both PC1 and PC2) in the

PCA space defined by the two first PCA factors result-

ing from the leaf concentrations of the elements that

exhibited significant differences between the invasive

and the native species, i.e. N, K, Na, Fe, Zn, Cu and Ni

(Fig. 3). The two main factors of PCA explained 35.6%

and 15.4% of the total variance of elemental concentra-

tions, respectively (Fig. 3). The invasive species occu-

pied the space with higher N, K, Fe, Zn and Cu

concentrations (PC1) and higher Ni concentrations

and lower Na concentrations (PC2).

Discussion

Invasive species had higher Amass and lower LMA, and

therefore lower leaf construction cost in terms of bio-

mass investment in leaves. They had thus higher photo-

synthetic returns from their foliar biomass investment.

Similar results have been reported by Leishman et al.

(2007) for temperate Australian ecosystems, and more

recently, Feng et al. (2009) have also reported that alien

populations of Ageratina adenophora throughout the

subtropics have evolved increasing N allocation to

photosynthesis (growth) and reduced allocation to cell

walls. Our results confirm that this strategy is a general

trait in invasive species in Oahu Island. Such quicker

returns may contribute to increase growth and photo-

synthetic productivity of invasive species at a lower leaf

cost, thereby conferring a competitive advantage over

native species, especially when being introduced to

novel environments where resources are not strongly

limited. The differences relative to the native species

tended to be only slightly more pronounced in the

highly invasive species than in the lowly invasive

species (Table 3).

The alien-invasive species shifted further along the

leaf economics spectrum toward faster growth strate-

gies than co-occurring native species, but still along a

common slope in the relationships between Amass and

LMA, N, P and K. Hence, alien-invasive plants did not

have fundamentally different carbon capture strategies

from natives. Our results thus do not show higher

efficiency of invasive plants at using limiting nutrient

resources as recently reported (Funk & Vitousek, 2007).

They just show alien-invasive species had higher con-

centrations of nutrients.

Our results, besides providing support to those

previous studies that showed that invasive plants

accumulate more N and/or P than the co-occurring

natives (Ashton et al., 2005; Dassonville et al., 2007),
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extended previous studies by analyzing a whole set of

macro- and micronutrients and trace elements in addi-

tion to N and P. This extension has allowed finding out

a clear separation between invasive and native species

in the elemental concentrations PCA space, thus show-

ing segregation in their biogeochemical niche (Peñue-

las et al., 2008). This segregation suggests that these

species may be using different resources and might

also have greater capacities to capture and use nutri-

ents. The different soil chemistry of the different sites

did not explain these different biogeochemical niches

of alien and native plants as indicated by the signifi-

cant differences between native and alien species in Cr,

Fe, K and Na foliar concentrations without any sig-

nificant difference among sites, or the significant dif-

ferences in foliar P concentrations among sites without

a significant difference between alien and native spe-

cies (Table 4).

Our results suggest that not only N and K can be

involved in this ecological strategy of invasive plants.

Other elements such as Fe, which is linked to plant

photosynthetic capacity, can also be captured rapidly by

invasive plants, and the cycling of these elements could

also be accelerated in invasive alien-dominated ecosys-

tems. The concentrations of potentially toxic trace ele-

ments such as Zn, Cu and Ni were also higher in

invasive species than in native species. However, the

leaf concentrations of these trace elements observed in

the studied plants are mostly in the range of leaf

concentrations observed in nonpolluted areas through-

out the world and are considerably lower than poten-

tially toxic concentrations causing leaf damage (Sardans

& Peñuelas, 2007).

An invasion by alien plant species seems to be

favored when nutrient availability increases, as ob-

served not only in tropical ecosystems such as the

studied here but also in others such as temperate forests

(Howard et al., 2004) and grasslands (Cassidy et al.,

2004), or Mediterranean shrublands (Thomson & Leish-

man, 2005; Sala et al., 2007). Recently, in a study of a

database of 52 480 vegetation plots in three European

temperate regions (Catalonia with Mediterranean cli-

mate, Czech Republic with subcontinental climate and

Great Britain with oceanic climate), Chytry et al. (2008)

observed that whereas only few alien species were

found in nutrient-poor plots, many alien species were

found in frequently disturbed habitats with fluctuating

nutrient availability. Moreover, the probability of aliens

reaching frequently disturbed habitats is higher than

that of reaching undisturbed habitats. Our results

together with these previous studies show thus that

human driven processes such as atmospheric pollution,

fertilization or introduction of alien species, which itself

results in an increasing nutrient availability (Hughes &T
a
b
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Denslow, 2005; Hughes & Uowolo, 2006; Sala et al., 2007;

Kurten et al., 2008), can favor the invasion success by

increasing the presence of the current alien species or by

the establishment of new alien species (Sala et al., 2007;

Kurten et al., 2008). N and P fertilization have already

been reported to increase the abundance of alien species

in Hawaiian forests (Ostertag & Verville, 2002).

The results presented here extend previous studies to

a long list of species for which phylogenetic signal has

now here been considered. Apart from allowing the

removal of the effects of the phylogenetic history, such

exercise has also shown a significant phylogenetic sig-

nal for the species origin (native or alien) and for the

alien species invasiveness (low or high), indicating that

species from some families have greater possibilities to

establish as alien species. For example, Fabaceae species

are known to be very frequent among the most success-

ful invaders in Hawaii (Hughes & Denslow, 2005;

Hughes & Uowolo, 2006).

The combination of the traits described here, rapid

growth and occupation of a different biogeochemical

niche, with other traits such as a lower pathogen and

herbivore burden (Blumenthal et al., 2009) seem to set

the alien-invasive plants apart from the native plants.

These traits should hence be considered on environ-

mental and biodiversity management.

We thus conclude (i) that the species set composition

and most foliar traits of native and invasive species

have a significant phylogenetic signal, (ii) that the alien

success is related to faster returns from their invest-

ments in dry mass in leaves, (iii) that the higher con-

centrations of most nutrients and some trace elements

place alien species in a different biogeochemical niche

than native species, (iv) that all these differences remain

highly significant after removing the effects of phylo-

genetic history, (v) that alien-invasive species did not

show higher efficiency at using limiting nutrient re-

sources and (vi) that aliens’ invasive success may in

Fig. 2 Photosynthetic capacity per unit leaf dry mass (Amass) (mmol g�1 s�1) as a function of leaf mass per area (LMA) (g m�2) and foliar

N concentrations (% dry weight) in native and invasive plant species. The variables are plotted in logarithmic scale. A multiple

regression including LMA and N show that both variables are significantly associated with Amass. Alien species present significantly

higher Amass and N and lower LMA (Table 3). Arrows indicate the arithmetic means obtained for each group. Similar relationships to

those of N were found for the other nutrients such as P or K.
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principal components, PC1 and PC2, of the principal component analyses (PCA) conducted with foliar elemental concentrations of N, K,

Na, Fe, Zn, Ni and Cu.
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consequence be favored by increasing habitats distur-

bance and eutrophication.
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